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ABSTRACT 
Novel microcavity and microchannel plasma devices in Si have provided new and 
efficient sources of visible, ultraviolet (UV) and vacuum ultraviolet (VUV) radiation. The 
realization of this new platform for devices is implemented through VLSI and MEMS 
fabrication techniques. In this thesis, the basic physics of plasma discharges is presented, and the 
performance of Si microplasma devices with inverted pyramidal cavity and V-grooved channel 
configurations is described in some detail. 
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CHAPTER 1 
INTRODUCTION 
  
 
Plasma is often considered the fourth state of matter. It is created when at least a small 
percentage of the atoms in a neutral gas are ionized. More than 99% of the observable universe 
is in the plasma state.  
Microplasma is a new subclass of plasmas having properties that resemble those of glow 
discharges having characteristic dimensions ranging from 1 mm to 1 µm. The physics of 
microplasma devices is similar to that of macroplasmas; however, the miniaturization of plasmas 
allows them to operate at atmospheric pressure. Also, microplasmas are noted for low 
temperatures and extremely high power loadings. For example, electron densities up to 10
16
/cm
3
 
have been observed and power loadings of 10
4
 to 10
6
 W/cm
3 
have
 
been obtained, which are 
difficult to achieve with macroscopic devices [1]. Such attractive properties of microplasma 
open new doors to applications where efficient ultraviolet, visible, or near-infrared radiation 
sources are needed.  
Microplasma devices can be fabricated in silicon, aluminum, glass, ceramic and 
metal/polymer structures, and a tremendous amount of effort is being put into the investigation 
of microplasmas in these structures at the Laboratory for Optical Physics and Engineering at the 
University of Illinois at Urbana-Champaign. However, the study of microplasma physics, 
particularly where the devices are fabricated in silicon, has become important as the versatility 
of VLSI, MEMS and semiconductor processing techniques has enabled us to scale the 
characteristic dimension of low-temperature plasma devices down to 5 µm with exceptional 
precision and uniformity. It has also enabled us to engineer hybrid devices, such as the plasma 
bipolar junction transistor (PBJT), which integrate microplasmas with other electronic systems. 
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While current lithographic technology is well ahead of the smallest microplasma characteristic 
dimensions—delivering features as small as 22 nm—the question remains as to whether 
microplasma confinement in nano-level cavities or channels is possible. 
The research discussed in this thesis focuses on the development of novel microplasma 
devices in silicon. The V-grooved channel structure has its origin in the inverted pyramidal 
structures described in [1], [2]. These triangular cross-sectional shapes are formed by using wet-
etching techniques with diluted potassium hydroxide (KOH), which is the key to obtaining 
uniformity throughout the whole channel. This particular structure allows us to achieve aspect 
ratios of 8000 to 1 and above, owing to channel widths <5 µm, and it opens doors for new 
applications such as microlasers and microjets. 
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CHAPTER 2 
BACKGROUND 
 
 
2.1 DC  Plasma Physics 
Much of the physics of plasma can be explained by considering the relative mass of the 
electrons, ions, and gas atoms or molecules, and their corresponding charges. Because the mass 
of an electron is several orders of magnitude smaller than that of atoms, molecules and ions, 
electrons travel many times faster. When a DC voltage is applied between two electrodes, the 
cathode becomes negatively biased and, because the average electron velocity is so much higher 
than that of the ions, the electrons accumulate on the wall which, in turn, creates a region 
adjacent to the walls where ions are dominant. When the system reaches steady-state, electrons 
reside on the walls, and a region of positive space charge, known as the plasma sheath, takes 
residence near the walls. Because there is a potential drop in this region, there is also a drop in 
electron density, and the bulk of the potential drop across the entire plasma is attributable to the 
cathode sheath region. 
Most of the current through the cathode sheath region of the plasma is contributed by 
ions accelerated towards the cathode. Depending on their energy, the ions can produce electrons 
in a process known as secondary electron emission. Free electrons in the sheath, along with the 
secondary electrons generated from recombination, accelerate and collide with neutrals and ions 
in elastic and inelastic collisions, culminating in the emission of plasma radiation. This region is 
known as the negative glow region and it typically generates the greatest radiative output. 
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Figure 2.1 depicts the non-neutral sheath and presheath regions of the plasma in the 
region adjacent to the cathode. The sheath and the presheath regions are of particular importance 
because as plasma dimensions are scaled down to micrometers, the behavior of the plasma is 
dominated by the cathode region rather than the positive column. In other words, as the plasma 
size is decreased, the positive column region decreases first. The bulk plasma, which is mostly 
composed of the positive column, is quasi-neutral. Quasi-neutrality is not possible near the 
negatively charged cathode because of coulombic repulsion, resulting in the negative sheath that 
is governed by the following equations: 
∅s = −Vo  
x
s
 
4
3
  
 
 
 
Figure 2.1 Qualitative representation of sheath and presheath behavior 
near wall. Depicted are the non-neutral sheath and presheath regions 
of the plasma in the region adjacent to the cathode region [3]. 
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where the surface potential ∅s  is defined as a function of x,  s is the sheath thickness, and  D is 
the Debye length.  
In order for the ions to enter the sheath region, their velocities should satisfy the Bohm 
criterion: 
 
us ≥ uB =  
eTe
M
 
1
2
 
 
where us is the ion velocity within the sheath, uB is the Bohm velocity, Te is the electron 
temperature, and M is the mass of the ion. As long as the proper magnitude of voltage is applied 
to the electrodes, there will be a continuous ion flux and a stable glow will be produced. 
 
2.2 Electrical Breakdown of Gases 
Paschen’s law [4] is also an important aspect of the physics of non-equilibrium plasmas. 
It gives the breakdown voltage of a gap filled with gas as a function of the gas pressure p and the 
gap length d. That is: 
 
VB = 𝑓 𝑝𝑑 . 
 
(2.4) 
(2.2) 
(2.3) 
(2.5) 
and 
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Figure 2.2 shows both the schematic representation of Pachen’s curve as well as 
representative data for Ne/Xe mixtures. In both instances, the breakdown voltage is plotted as a 
function of pd and, at lower right, actual data from [6] are given for various Ne/Xe Penning gas 
mixtures. The breakdown voltage changes as a function of the product pd. Higher pressures will 
usually require higher voltages except for pd values that fall in the region where the slope is 
negative. There is always a minimum breakdown voltage for certain pressure and electrode gap 
combination values, and that value is defined by the local minimum of the graph. Notice in Fig. 
2.2 (b) that, as the Xe concentration increases, there is an upward shift of the curves, which 
means that the voltage required to ionize the gas is generally higher when the Xe concentration 
is increased. Interesting breakdown behavior can also be observed in Fig. 2.2 (b) when pd values 
drop below 3 kPa·mm, the minimum value: the breakdown voltage increases abruptly. The 
importance of pd scaling phenomena becomes more critical as the plasma characteristic 
dimension is decreased below 50 µm. 
 
 
Figure 2.2 (a) Schematic diagram of Paschen’s curve, a plot of the breakdown voltage [5]; (b) 
Paschen’s curve for Penning gas mixtures. The data points are measured values of breakdown 
voltage from experiments [6]. 
  
(a) (b) 
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2.3 Microplasma 
Microplasmas are defined as weakly ionized, low temperature, non-equilibrium plasmas 
spatially confined to a cavity with characteristic dimensions of 1 µm to 1 mm [2]. These plasmas 
can operate at pressures of 1.5 atm and above, with power loadings of 10
4
 to 10
6
 W/cm
3 
and 
electron densities up to 10
16
/cm
3
, which are difficult to achieve with macroscopic devices [7]. 
Microplasmas and macroplasmas share many of the same characteristics. However, when the 
dimensions of the cavities or channels are in the micron range, the thickness of the sheath region 
becomes the dominant region of the entire plasma and there is a decrease in the length of the 
positive column region. 
Another unique property of microplasma is the surface area to volume ratio. This ratio is 
bigger in microplasma than in macroplasma, which means that microplasma behavior may be 
dominated by wall interactions. As the surface area to volume ratio increases, the number of 
electrons produced by secondary electron emission—a process which helps to sustain a 
discharge—also increases due to a greater number of interactions between electrons and the wall. 
However, in specific applications such as jet-type electric propulsion thrusters, there is a large 
heat loss to the wall, which is associated with the surface area, and its efficiency can be as low as 
40% [8]. 
Device fabrication in silicon is of particular interest as the fabrication techniques 
performed are similar to those already developed by VLSI and MEMS technologies. Due to 
these versatile fabrication technologies, silicon microplasma devices exhibit exceptional 
uniformity and precision, as shown by Fig 2.3. Note that the bottom picture shows 2500 cavities 
of 100 µm dimension which exhibit exceptional uniform operation. Also, the 20 µm interlaced 
plasma on the top picture is remarkably precise and uniform from segment to segment. 
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Figure 2.3 Si microplasma devices. Top: Silicon 50 µm channel device with 20 µm interlaced 
plasma operating in Ne gas. Bottom: Silicon 50 by 50 array device with 100 µm cavities 
operating in Ne gas, comprising 2500 cavities. [9].  
 
 9 
 
CHAPTER 3 
EXPERIMENTAL METHODS 
 
 
3.1 Si Microplasma Device Fabrication 
To understand the physical phenomena behind the microcavity and microchannel plasma 
devices, it is essential to fabricate devices capable of generating such plasmas with consistently 
reproducible properties. For that reason, microplasma researchers have fabricated several 
different types of devices such as conventional inverted pyramidal devices in a 50x50 array of 
50 µm
2
 or 100 µm
2 
square cavities, and more complex devices such as fully addressable 20x20 
arrays of 100 µm
2
 square cavities and micro-channel plasma devices 50 µm in width and 4 cm in 
length. The following figure illustrates the cross-section of a single cavity or V-grooved channel 
in Si devices. 
 
 
In Fig. 3.1, the cavities or channels are coated with multi-component dielectrics for the 
purpose of providing electrical and chemical isolation between the anode and cathode, ensuring 
longer device lifetimes and a stable glow. First, the interior of the pyramid is coated with a 2 µm 
thick silicon nitride layer, then a much thicker of (~8 µm) layer of polyimide is deposited on top 
 
 
Figure 3.1 Cross-section of a microcavity or microchannel device in silicon. 
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of the silicon nitride, and finally the device is coated with another layer of silicon nitride. Figure 
3.2 is an actual cross-sectional SEM image of single channels. 
 
  
To produce the devices illustrated by Figs. 3.2 (a) and (b), three major fabrication 
techniques have been repeatedly used: lithography, film deposition and etching. This entire 
fabrication process is illustrated by the flow chart of Fig. 3.3. The fabrication sequence is 
initiated with the removal of the naturally formed Si oxide layer. After this removal, the bare p-
type silicon wafer is overcoated with a 0.2 µm thick film of silicon nitride using plasma-
enhanced chemical vapor deposition (PECVD). This silicon nitride layer is used as a mask for 
the wet etching step that will follow later. After the silicon nitride deposition, lithography 
techniques are used to make the desired microplasma pattern. After the lithography step, the 
exposed silicon nitride areas will be etched using reactive ion etching (RIE) to expose Si under 
the silicon nitride. In the next step, the wafer will be placed in a KOH bath so that exposed 100 
planes of the Si are etched anisotropically. This wet etch process will result in an inverted 
pyramidal or V-grooved channel structure, depending on the patterns made during the 
lithography step. After successful wet etching, another layer of silicon nitride will be deposited, 
  
 
Figure 3.2 (a) SEM image of a 50 µm single channel. (b) 5 µm single channel [7]. 
 
(a) (b) 
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but this time the thickness will be 2 µm. This layer will serve as a dielectric when voltage is 
applied to the electrodes. On top of the silicon nitride layer, an 8 µm thick organic polyimide 
layer is deposited to serve as the main dielectric layer of the device. Afterwards, a 5-hour curing 
process is carried out.  
 
Figure 3.3 Flow chart of Si microplasma device fabrication. 
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Once the curing process is done, another lithography step is performed to cover only the 
cavities or channels. This will serve as a shield for cavities or channels during the metallization 
step. Once the metal is evaporated onto the wafer with an e-beam evaporator, the lift-off process 
is carried out which removes both the photoresist and the metal that sits on top of the resist. The 
resulting device will be covered in Ni except for the cavity and channel areas. In the next step, 
polyimide accumulations inside the cavities or channels are etched away through RIE. When the 
etching process done, we now etch the nickel layer into our desired electrode design, and this 
step requires another lithography step to create a barrier against the acid bath for the nickel 
etching process. As a final step, a 4 µm thick layer of silicon nitride is deposited. This layer 
serves as a passivation layer, isolating the top electrodes and the cavity, or the channels 
themselves, from the surrounding structures and preventing minor mechanical damage as well. 
 
3.2 Vacuum System and Measurement Setup 
When the device fabrication is completed, it is loaded into a vacuum system which is 
illustrated in Fig. 3.4. The device is loaded into one of the vacuum chambers and connected to 
the electrical feedthroughs inside the chamber. The wires outside the chamber are connected to 
the high voltage AC power supply, current probes, etc. There are two types of pumps. The 
roughing pump is responsible for evacuating the main chamber down to several millitorr in 
pressure and the turbomolecular pump is responsible for evacuating the chamber to 10
-8
 Torr. At 
that pressure, the testing environment is essentially free of impurities and the microplasma 
device is then backfilled with gas. The vacuum level of the system is monitored by two types of 
pressure gauges: the capacitance manometer measures low to medium vacuums (10 – 10-6 Torr) 
and the ion gauge measures medium to high vacuums (10
-3
 – 10-10 Torr). Optical images of the 
microplasmas were recorded with a CCD or ICCD camera. Also, the temporal history of the 
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fluorescence intensity produced by microplasmas was measured using photomultipliers that were 
connected to an oscilloscope (200 MHz bandwidth, 2 GS/s sample rate) along with voltage and 
current probes to record phase-resolved optical signals. 
 
 
Figure 3.4 Schematic diagram of vacuum system. 
 
For spectroscopy of the channel devices, a sealed version of the device was made to take 
measurements outside the chamber. This version of the device has several windows made of 
quartz or glass placed on the sides and the top of the channel for sealing purposes, and a 1/8 inch 
hollow glass tube is connected to the device for connection with the vacuum system (Fig. 3.4). 
By doing this, the fiber connected with a spectrometer can be placed in proximity to the 
microplasma device so as to maximize the optical signal from the fluorescence. The optical fiber 
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of a spectrometer was placed both end-on to the microplasma channel and transverse to the 
channel as shown in Fig. 3.5 so as to measure intensity differences as the pressure and voltage 
were varied.  
 
 
Figure 3.5 (a) Schematic diagram of the spectroscopy experimental setup. (b) Top-end view 
image of emission in a Ar/N2(4%) plasma. (c) Top-view image of emission in a Ar/N2 (4%) 
plasma. 
  
(a) 
(b) 
(c) 
 15 
 
CHAPTER 4 
 
RESULTS AND DISCUSSION 
 
4.1 Time-Resolved Imaging of Array Discharge 
This experiment was conducted in collaboration with the Department of Electrical 
Engineering and Electronics at the University of Liverpool. When examining the spatial 
behavior of the emission over the 50x50 array of 50 µm pixels (integrated measurement of the 
emission over the entire array during one ac cycle), it is found that the emission from each 
microdischarge cavity is uniform and homogenous [10]. However, when phase-resolved optical 
emission spectroscopy was carried out on this microplasma array using an ICCD camera 
(resolution =15 µm/pixel), it was found that the emissions have a strong temporal dependence.  
As can be seen in Fig. 4.1, the individual pixels of the array ignite not simultaneously, 
but rather in a wavelike pattern and the emission burst travels across the entire array. The main 
wave starts near the top left corner and propagates to the bottom right and top right corners. At 
the same time, a minor wave starts near the middle bottom area and propagates sideways to the 
left and right but does not travel upwards. The velocity of the wave is estimated to be 3 km/s 
[10]. Also, the ignition starts from one small area enclosing only tens of cavities. From there, the 
neighboring cavities are successively ignited, increasing the size of the wave as it travels across 
the entire array. 
From these results, we conclude that each microplasma cavity affects the neighboring 
cavities. That is, cross-talk and cooperative phenomena are apparent in the ignition 
characteristics of the silicon microcavity plasma array device and similar, non-simultaneous 
repetitive discharges from microchannel devices can be expected. 
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4.2 Phase-Resolved Photomultiplier Measurements 
On the same microplasma array used in the previous experiment, measurements of 
phase-resolved optical emissions were performed at Bochum University in Germany using a 
photomultiplier to study optical emissions from the microplasma on the microsecond time scale. 
The measurements were performed using an Ar/Ne gas mixture for one ac cycle (p = 1 atm, f = 5 
kHz, Vpp = 780 V). As can be observed in Fig. 4.2, there are two light emission phases in one 
cycle. The first is emitted when the Ni electrode on top of the device is the anode and another 
one when the Ni is the cathode. The emission occurs only when the applied voltage reaches the 
threshold value (breakdown voltage) and in bursts of fixed width and frequency but diminishing 
in intensity. The bursts stop when there is a reversal of dV/dt. The second set of bursts occurs 
  
Figure 4.1 Time-resolved images of the microplasma arrays during the brightest emission peak 
(20 kHz sinusoidal signal, 800 Vpkpk, 1 atm of He gas) [8]. 
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during the second half of the cycle where the Ni electrode serves as the cathode. However, the 
intensity is much weaker in the second half of the waveform due to geometrical asymmetry of 
the inverted pyramidal discharge devices. 
 
 
The development of the bursts can be compared to an electron avalanche in a Townsend 
discharge [11]. Once the voltage is above the threshold value, free electrons accelerate and 
collide with neutrals and an electron avalanche develops which yields an emission pulse. As 
soon as the emission is extinguished, the second electron avalanche is developed due to the 
increasing driving voltage. When the polarity is reversed, the emissions and avalanches occur in 
the same manner. One can notice from the graph that, during the majority of the voltage cycle, 
no emission is evident. Therefore, it is clear that achieving higher emission duty cycles will 
require driving microchannels at much higher frequencies. 
  
 
Figure 4.2 PMT intensity signal (black) and driving voltage (grey) over an ac 
cycle at f = 5 kHz, p = 1 bar, Vpp = 780 V in Ne/Ar mixture (4:1) [11]. 
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4.3 Spectroscopy of Silicon Microchannel Devices 
In addition to the pyramidal microcavity devices, microchannel devices of various widths 
and lengths were fabricated. This device is a cavity, but elongated in one direction such that the 
plasma ignited in this device is a plasma channel. Due to precise and sophisticated VLSI and 
MEMS fabrication techniques, it was possible to fabricate smooth and accurate channels that are 
only about 5 µm in width and 4 cm in length, giving an aspect ratio of 8000 to 1. The high aspect 
ratio and electron number density expected for these microchannel plasmas suggest that there is 
the potential for optical gain. Some of the photons generated at the leftmost part of channel 
travel towards the rightmost part of the microplasma channel and, during their transit through the 
plasma, they can stimulate another excited atom to emit a photon of the same frequency and 
phase, which is optical gain. If the rate of these stimulated emissions exceeds that of the 
spontaneous emissions, power can increase exponentially as a function of length, and if the gain 
equals or exceeds gth given by  
gth =  α –
1
2l
∗ ln R1R2  
 
then a laser can be realized. In Eq. (4.1), α is the optical loss of the laser medium (expressed in 
m
-1
), l is the length of the laser medium, and R1 and R2 are the reflectivities of the optical mirrors. 
However, when channel widths are in the micron range, diffractive losses will start to dominate 
the optical losses. The pump power, therefore, must be increased until the gain is sufficiently 
high to overcome the losses of the microplasma channel [12]. 
As an initial micro-laser development experiment, spectroscopy of the emissions 
emanating end-on and from the top of the channel (experimental setup illustrated by Fig. 3.5) 
were performed in order to assess the degree of stimulated emission without feedback (optical 
(4.1) 
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mirrors) provided. The microchannel device had a width of 50 µm and a length of 4 cm and was 
driven with a sinusoidal voltage having a frequency of 20 kHz in Ne/N2, Ar/N2 and He/Ne gas 
mixtures. 
Both Figs. 4.3 and 4.4 correspond to the emissions from a N2(4%)/Ne(96%) gas mixture 
and, as seen in Fig. 4.3, the ratio of end-on to top emissions from nitrogen transitions (337 nm, 
357 nm, 380 nm) increases as the applied voltage increases, whereas the same ratio in Ne 
transitions (585 nm, 609 nm, 626 nm and 638 nm) decreases as the applied voltage is increased. 
 
 
 
Figure 4.3 Ratio of relative intensities (end-on to top) of N2(4%)/Ne(96%) gas mixture plasma 
plotted against applied voltage with fixed total pressure of 800 Torr. The three wavelengths (337 
nm, 357 nm, 380 nm) correspond to nitrogen transitions. 
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The wavelength that yielded the highest intensity ratio was the 380 nm wavelength with a 
ratio value of 13.5 for 1200 V. As the voltage is increased, the overall emission intensity 
increases for all wavelengths whether it be the end-on or the top emission. However, the rates at 
which these intensities increase were observed to be different from one to another. The rates of 
increase of end-on nitrogen line intensities (337 nm, 357 nm, 380 nm) are higher than those of 
neon line intensities (585 nm, 609 nm, 626 nm and 638 nm), which is clearly shown by the 
upward trend in Fig 4.3 and the downward trend in Fig 4.4. For photons traveling along the 
 
Figure 4.4 Ratio of relative intensities (end-on to top) of N2(4%)/Ne(96%) gas mixture plasma 
plotted against applied voltage with fixed total pressure of 800 Torr. The four wavelengths (585 
nm, 609 nm, 626 nm and 638 nm) correspond to Ne transitions. 
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channel (end-on emission), we can observe that the nitrogen transitions are favored at higher 
voltages in comparison with neon transitions. The Tables 4.1 and 4.2 further show this 
phenomenon by making a direct comparison between nitrogen and neon emissions in the same 
emission direction. 
 
 
 
As shown in Table 4.1, the ratio values (nitrogen to neon) of end-on emission intensities 
increase with increased applied voltage, which means that for photons traveling along the 
channel (end-on emissions), the nitrogen emission intensities grow faster than those of neon. 
Table 4.1 Comparison of the end-on intensities of nitrogen emissions to those of neon. These are 
emissions from a N2(4%)/Ne(96%) gas mixture plasma with a fixed total pressure of 800 Torr. 
The ratio of the nitrogen line intensity to the neon line intensity (both, end-on emission) 
increases with voltage. 
 
Voltage 
End-on 
N/Ne Ratio 
860 V 900 V 960 V 1000 V 1060 V 1100 V 1160 V 1200 V 
337 nm / 609 nm 1.578 1.565 1.636 1.715 1.730 1.642 1.730 1.727 
357 nm / 626 nm 2.561 2.474 2.641 2.694 2.759 2.711 2.711 2.783 
380 nm / 638 nm 1.751 1.756 1.802 1.866 1.901 1.869 1.881 1.923 
 
Table 4.2 Comparison of the top intensities of nitrogen emissions to those of neon. These are 
emissions from a N2(4%)/Ne(96%) gas mixture plasma with a fixed total pressure of 800 Torr. 
The ratio of the nitrogen line intensity to the neon line intensity (both, top emission) decreases 
with voltage. 
 
Voltage 
Top 
N/Ne Ratio 
860 V 900 V 960 V 1000 V 1060 V 1100 V 1160 V 1200 V 
337 nm / 609 nm 1.904 1.771 1.712 1.631 1.490 1.382 1.380 1.297 
357 nm / 626 nm 2.695 2.634 2.484 2.379 2.270 2.094 2.094 1.994 
380 nm / 638 nm 2.218 2.106 1.959 1.838 1.722 1.584 1.560 1.440 
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However, for photons traveling perpendicular to the channel (top emissions), the same nitrogen 
lines (337 nm, 357 nm and 380 nm) respond differently with increased votlage. In this direction, 
the nitrogen emission intensities grow at a slower rate than those for neon emission, resulting in 
decreasing ratio values with increased voltage shown by Table 4.2.  
The trend can be clearly seen in the data tabulated in Tables 4.3 and 4.4, where the 
percentage increase of each line emission is tabulated for different voltage intervals and for top 
and end-on emissions. For example, in Table 4.3 we can observe that the end-on emission of the 
337 nm (nitrogen) line is much more responsive to the voltage increase (~107% increase / 100 V) 
than its top emission (~80% increase / 100 V). However, in Table 4.4, we observe that the end-
on emission of the 585 nm (neon) line is less responsive to the voltage (~70% increase / 100 V) 
than its top emission (102% increase / 100 V).  
These phenomena can be can be explained by the stimulated emission process. The 
nitrogen emissions traveling parallel to the channel stimulate other excited atoms, resulting in a 
chain of emissions with the same characteristics (frequency, wavelength and direction) [13]. The 
end-on emission benefits from this process while the top emission does not. Therefore, a slight 
gain is seen for end-on emissions despite the considerable losses, especially the diffraction loss 
resulting from the 50 µm channel width. 
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Table 4.3 Percentage increase of nitrogen line intensities gained during different voltage 
intervals. These are emissions from a N2(4%)/Ne(96%) gas mixture plasma with a fixed total 
pressure of 800 Torr. The end-on emissions for each line are more voltage-dependent than their 
corresponding top emissions.  
 
Nitrogen Lines 
Voltage 
 Interval 
Emission 
Origin 
900 V - 1000 V 
(100 V Increment) 
900 V - 1100 V 
(200 V Increment) 
900 V - 1200 V 
(300 V Increment) 
337 nm 
End-on 99% 190% 321% 
Top 78% 153% 240% 
357 nm 
End-on 98% 205% 322% 
Top 76% 155% 240% 
380 nm 
End-on 95% 202% 317% 
Top 75% 153% 238% 
 
Table 4.4 Percentage increase of neon line intensities gained during different voltage intervals. 
These are emissions from a N2(4%)/Ne(96%) gas mixture plasma with a fixed total pressure of 
800 Torr. In this case, the top emissions of each line were found to be more voltage-dependent 
than their corresponding end-on emissions. 
 
Neon Lines 
Voltage 
 Interval 
Emission 
Origin 
900 V - 1000 V 
(100 V Increment) 
900 V - 1100 V 
(200 V Increment) 
900 V - 1200 V 
(300 V Increment) 
585 nm 
End-on 77% 159% 211% 
Top 92% 200% 308% 
609 nm 
End-on 81% 177% 281% 
Top 93% 225% 364% 
626 nm 
End-on 82% 178% 276% 
Top 95% 221% 350% 
638 nm 
End-on 83% 184% 281% 
Top 100% 237% 395% 
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Similarly, the same phenomena can be observed in N2(4%)/Ar(96%) gas mixture plasma 
(Fig. 4.5). Although the ratio values for the end-on to top intensities are about 50% lower than 
N2(4%)/Ne(96%) plasma at 1200 V, the percentage increase per voltage increment is much 
higher (Tables 4.5 and 4.6). For end-on 337 nm (nitrogen) emission, the percentage increase was 
about 141% per 100 V, and for its top emission, the percentage increase was about 67% per 100 
V. As for end-on 749 nm (argon) emission, the percentage increase was about 273% per 100 V, 
and its top emission was about 74% increase per 100 V. While the percentage increases of top 
 
Figure 4.5 Ratio of relative intensities (end-on to top) for a N2(4%)/Ar(96%) gas mixture plasma 
plotted against applied voltage with fixed total pressure of 800 Torr. The first four wavelengths 
(337 nm, 357 nm, 380 nm and 405 nm) correspond to nitrogen transitions and the last two 
wavelengths (696 nm and 749 nm) correspond to argon transitions. 
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argon line emissions were close to those of top nitrogen emissions, the percentage increase of 
end-on argon emissions was about twice as high. This shows that the effect of stimulated 
emission is much more influential in argon for voltage intervals of 900 V to 1200 V. However, 
the relative emission strength itself was very weak (about one sixth that of 337 nm at 1200 V). 
 
 
Table 4.5 Percentage increase of nitrogen line intensities gained during different voltage 
intervals. These are emissions from N2(4%)/Ar(96%) gas mixture plasma with a fixed total 
pressure of 800 Torr. The end-on emissions of each line were found to be more voltage-
dependent than their corresponding top emissions.  
 
Nitrogen Lines 
Voltage 
 Interval 
Emission 
Origin 
900 V - 1000 V 
(100 V Increment) 
900 V - 1100 V 
(200 V Increment) 
900 V - 1200 V 
(300 V Increment) 
337.10 nm 
End-on 111% 256% 423% 
Top 69% 132% 200% 
357.57 nm 
End-on 111% 255% 414% 
Top 71% 138% 203% 
380.35 nm 
End-on 112% 259% 426% 
Top 72% 137% 204% 
405.70 nm 
End-on 107% 257% 426% 
Top 63% 125% 183% 
 
Table 4.6 Percentage increase of argon line intensities gained during different voltage intervals. 
These are emissions from N2(4%)/Ar(96%) gas mixture plasma with a fixed total pressure of 
800 Torr. In the same manner, the end-on emissions of each line were found to be more voltage-
dependent than their corresponding top emissions 
 
Argon Lines 
Voltage 
 Interval 
Emission 
Origin 
900 V - 1000 V 
(100 V Increment) 
900 V - 1100 V 
(200 V Increment) 
900 V - 1200 V 
(300 V Increment) 
696.00 nm 
End-on 134% 395% 821% 
Top 60% 161% 244% 
749.63 nm 
End-on 161% 396% 723% 
Top 59% 145% 223% 
 
. 
 
 
asdasdasdasdasdasda 
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Besides N2(4% )/Ne(96%) and N2(4%)/Ar(96%) gas mixtures, other gas plasmas such as 
pure argon and He(95%)/Ne(5%) were studied. The He(95%)/Ne(5%) mixture yielded results 
very similar to those for a N2(4%)/Ar(96%) gas mixture plasma, and, as shown by Table 4.7, the 
pure argon plasma was also similar except that the percentage increase of end-on emissions was 
about 1.5 times lower than argon lines from a N2(4%)/Ar(96%) plasma.  
 
 
4.4  Microjet Device 
In an attempt to extract the microplasma to the atmophere, an open version of the device 
was fabricated. The prototype microjet device is the same as the external devices used in 
spectroscopy experiments except that one end of the channel was left open to the atmophere. The 
plasma is ignited while the gas is constantly flowing out to atmosphere through the open end of 
the channel. Figures 4.6 and 4.7 illustrate the operation of a 50 µm wide channel, microjet 
device. 
 
Table 4.7 Percentage increase of argon line intensities gained during different voltage intervals. 
These are emissions from a pure Ar gas plasma with a fixed total pressure of 800 Torr. The end-
on emissions of each line were found to be more voltage-dependent. 
 
(Pure) Argon 
Lines 
Voltage 
 Interval 
Emission 
Origin 
900 V - 1000 V 
(100 V Increment) 
900 V - 1100 V 
(200 V Increment) 
900 V - 1200 V 
(300 V Increment) 
696.00 nm 
End-on 167% 253% 487% 
Top 110% 280% 392% 
749.63 nm 
End-on 155% 353% 518% 
Top 106% 273% 390% 
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Figure 4.6 A 50 µm channel device operating at a constant pressure of 1000 Torr of He with air 
flow at one end. The operating voltage is 950 V. At this stage, the plasma is not extracted to the 
atmophere. 
 
 
Figure 4.7 A 50 µm channel device opearting at a constant pressure of 1000 Torr of He with air 
flow at one end. The operating voltage is 1500 V. The voltage is sufficiently high to extract 
plasma out to the atmophere. 
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Initially at lower voltages, the device did not shoot a plasma jet through the channel 
opening; rather, it operated just like an enclosed external device (Fig. 4.6). As the applied 
voltage was increased, however, the microplasma channel started to extend towards the opening, 
and when voltage reached 1500 V, a noticeable microplasma extraction to the atmosphere was 
achieved (Fig. 4.7). At this voltage level, the microplasma jet measured to be approximately 4 
mm in length. 
 
4.5 Conclusions 
Microcavities whose characteristic dimensions range from 50 µm to 100 µm and 
microchannel plasma devices whose width ranges from 5 µm to 50 µm were fabricated in silicon 
using well established VLSI and MEMS fabrication methods. Time-resolved optical experiments 
performed on microcavity devices show that each cavity ignition or emission burst strongly 
depends on microsecond interval times, and the same is expected for microchannel structures. 
The spectroscopy experiments performed on microchannel devices show that a slight optical 
gain is evident. However, the applied voltage, which was limited by arc formation and device 
safety, was too low to produce a strong optical gain that can overcome losses, which is essential 
for lasing in a single pass. The losses associated with diffraction and absorption are too high in 
comparison with the gain on our end-on emissions. Therefore, optical feedback is necessary in 
order to produce higher gains and increase the chances for lasing. To eliminate the loss by 
diffraction, integrated optical feedback could be fabricated directly with the device and thus 
greatly increase the chances for lasing. In addition to microlaser applications, the microchannel 
devices are well suited for microjet applications. The prototype device resulted in successfully 
extracing microchannel plasma of 4 mm in length from a 50 µm channel device. Additional 
optimization of this prototype is expected to improve the quality and size of jet extraction. 
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